. AD-A169 663

UNCLASSIFIED

NEN RESULTS ON LOW TEMPERATURE THERMAL OXIDATION OF /4
SILICON(U) NORTH CAROLINA UNIV AT CHAPEL HILL DEPT DF
STRY A IRENE 20 JUN 86 TR-S Nl..t‘-BZ;K-OS

NL




g

D)

¥

)

)

[

~

2

;

)

) )

3 “m lo ::Z iz P2z

' =Lk= 2
E

; m" T =

3 = ll=

I

it fe

I
O

A ala A Al f

IR S P b T 3 o e T T T L Y L R R T L T O Ty

L \Emy vy




Lt Ll ot

Oy i AL S St A

il St b et RACA St B AA D CR AR RA R ant Bi g RS S5

OFFICE OF NAVAL RESEARCH

Contract No. N00014-83-K-0571
Task No. NR 625~843
TECHNICAL REPORT NO. 5

New Results on Low Temperature
Thermal Oxidation of Silicon

AD-A169 603

by
E.A. Irene
Dept. of Chemistry
The University of North Carolina
Chapel Hill, NC 27514

in

Philosophical Magazine (U.K.)

DTIC

NELECTE
JUL O 71386

.

OTIC FILE CORY

E

Reproduction in whole or in part is permitted for any purpose of the United
States Government.

This document has been

approved for public release and sale:; its distribution
is unlimited.

g6 7 3 072

R LT T N T N
o, '-- .. K ) .- o - R . - v . a -( ., . - LI .-‘ e
TP PRI AA‘-A\".

St v, . 3
B "-“-'-"- B RS PN S ST S
N R LYS T PRSPPI W TR S

et e e e e
) S e L. R .
PPRIPRIEE S U SOOI ST RIS



L IS P ) DR I e AL A . Ve . - L A Bl - a A Shaad V Cab." U
;.
13 M é :
e CORTY iRss 1 1CATION F o PAGE ADA- 169603 !
REPORT DOCUMENTATION PAGE 3
1s REPOAT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS 4
Unclassified L
25 SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT A
Approved for public release; distribution =
26 DECLASSIFICATION/DOWNGRADING SCHEDULE unlimited. 'Q
R
4 PERFORMING ORGANIZATION REPORT NUMBER(S! 5 MONITORING ORGANIZATION REPORT NUMBERIS) :.':
Technical Report #5 o
68 NAME OF PERFORMING ORGANIZATION FD OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION oy
1f appiicabie .
UNC Chemistry Dept. Office of Naval Research (Code 413) )
6. ADORESS (City State and Z1P Codes 7b. ADDRESS r(ity, State and Z1P Code! \:
11-3 Venable Hall C45A Chemistry Program .
Chapel Hill, NC 27514 800 N. Quincy Street o
Arlington, Virginia 22217 _
Ba NAME OF FUNDING/SPONSORING 8b OFFICE SYMBOL |9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER -
ORGANIZATION Al applicable. N
Office of Naval Research Contract N0O0O01l4-83-K-0571 N
B ADORESS (it Ntate and ZIP Code: 10 SOURCE OF FUNDING NOS ;:",
Chemistry Program PROGRAM 11 PROJECT TASK 11 WORK UNIT N
800 N. Quincy, Arlington, VA 22217 EcEMENT NO [ NO : No : Ne "
: ' NR625-843 ‘ ;
V1T TLE dnclude Security Classification: NEW RESULTS ON LOW ! i "
FMPERATURE THERMAL OXIDATION OF SILICON : L N :
12 PERSONAL AUTHORISH :
r.A. Irene S
-
13a TYPE OF REPORT 135 TIME COVERED 14 DATE OF REPORT 1¥r Mo . Ugr 15 PAGE COUNT
tnterim Technical FROM _ To 6/20/86 34 N
16 SUPPLEMENTARY NOTATION ‘
Prepared for publication in Philosophical Magazine (U.K.) K
L_L/‘_*___?__ CCSATICODES 18 SUBLECT TERMS Continue un recerse (f necessar and identify by block number: Y
s cAcce | suy 5m Silicon Oxidation !
L ' Silicon Dioxide Properties -
[ Thin Film Growth Models 5
1O AWSTRAACT (unninue un reterse of necessa™ and dentifs by Bioc R number -
e commonly accepted linear-parabolic oxidation model for the thermal oxidation of N
i includes two rate processes in a steadyv state: reaction between Si and oxidant at the
:w'i-?i(?i., interface; and transport of oxidant through the SiO,)«" film. Based on available (|
‘ata, 1t is argued that the former procesg seems cominant for thin film growth in dry O,. )
A number of measured Si0,. film and Si-Si0, interface measured properties are reported. as o
3 well as the variation of "tne these properfies with oxidation temperature and Si substrate '
orientation. These properties include:; refractive index, density, intrinsic stress,
intertace fixed oxide charge and interface trapped charge. It is also observed that all N
of these properties displav similar oxidation temperature and inert anneal behavior plus X
i complex orientation dependence. Through the use of a modified form for the interface K
reaction, a better understanding is obtained of both the origin of thes¢ measured proper- .
“ivs, and new oxidation data taken on five Si orientations and at lower oxidation R
temperatures than previously reported. ) o4
P U
20 DISTRIBUTION. AVAILABILITY OF ABSTRACT _‘ 27 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED. UNLIMITED X SAME AS APT & OT/C USERS _ Unclassified :
22a NAME OF RESPONSIBLE INDIVIOUAL 220 TELEPHONE NUMBER 22¢ OFFICE SYMB3L -
Include Area Code o
Dr. David L. Nelson (202) 696-4410 o
DD FORM 1473, 83 APR EDITION OF 1 JAN 73 1S OBSOLETE

T R
L WA WPV P . VR W




cat el Dot Sl I Sie Kie R AR Ria )ty S An S0 A A Bt 1 ~ Il A e A : Rt . : P A ATt e

’,
'.
New Results On Low Temperature Thermal Oxidation Of Silicon ATy g
Y )
‘ sai{n : !
] by PAccn.,. 1_n Fn',__,_ i iy
! NTIZ CFisl q :
E. A. Irene DTIC Ti= |
Uniranocoesa M ¥
. Department of Chemistry Juotiftenion
- —_——————e . ]
n University of North Carolina BRv B ‘ .
. | Distritotis-ng : N
bo: Chapel Hill, North Carolina 27514 Availes ity Codes>~_ﬂ s
U.S.A. A
Dist | spucial s
’ | !
ﬁ'/ } 5
] The commonly accepted linear-parabolic oxidation model for the thermal oxidation of i
- Si includes two rate processes in a steady state: reaction between Si and oxidant at the ;
s Si--SiO2 interface; and transport of oxidant through the SiO2 film, Based on available :
data, it is argued that the former process seems dominant for thin film growth in dry 02.
y A number of measured SiO2 film and Si—SiO2 interface measured properties are reported, as y
X well as the variation of the these properties with oxidation temperature and Si substrate .
. orientation. These properties include: refractive index, density, intrinsic stress,
. interface fixed oxide charge and interface trapped charge. It is also observed that all g
: of these properties display similar oxidation temperature and inert anneal behavior plus %

a complex orientation dependence. Through the use of a modified form for the interface

reaction, a better understanding is obtained of both the origin of these measured
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properties, and new oxidation data taken on five Si orientations and at lower oxidation

. temperatures than previously reported. -
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The study of the thermal oxidation of single crystal silicon remains an important
area of research within the field of electronic materials. This is so because of both the

technological relevance of the Si-Si0, interface (1,2) with the associated important

2

scientific questions pertaining to oxide film growth kinetics (3,4), and the general
questions pertaining to the origin and control of electronics properties of semiconductor
surfaces.

The present paper first compares the relative role of the interface reaction between

Si and oxidant at the Si—SiO2 interface with the transport of oxidant by steady state

Fickian diffusion to the interface. Using available diffusivity values, D, parabolic rate

constants, kp’ and oxidation rate data, L, (5-7), it is found that the interface reaction

¥Yor Si oxidation is dominant up to at least several tens of nm of Si0, film growth with

2

oxidation temperatures from 600°C up to 1000°C in ] atm dry O Secondly, we report the

2°

measurement of a number of physical properties for SiO2 films on Si substrates: SiO2 film

density, refractive index, intrinsic film stress and fixed oxide and interface trapped
charge. Some of these measurements are recently reported, others have been in the
literature. The oxidation temperature dependence for all of these properties is
qualitatively the same, and strongly suggests a common origin. Thirdly, we consider the
interface reaction between Si and oxidant and deduce a model for this reaction to explain
initial oxidation kinetics., New oxidation data (6,7) is presented that shows some
agreement with the model which explicitly considers both the areal density of Si atoms on

various Si surfaces and the intrinsic stress. The stress is cowmpressive in Si0.,, thereby

2’

reducing the diffusivity of oxidant through the Si0, film; and the stres is tensile in Si,

2

thereby enhancing the reactivity of the Si surface, if there is any effect of stress at

all. Experimental detail is treated in separate publications; only a brief summary of
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relevant experimental results are presented herein,

I. The Initial Regime
There are numerous publications (8-10) which attempt to counsider the transport of

oxidant to be always rate limiting for the oxidation of Si. We find, however, that this

assumption 1s not justified and we base our conclusion on a comparison of the calculated
- diffusion flux with the actual oxidation rate. Using available data for D, kp and L and
the assumption of steady state Fickian diffusion, the diffusion flux of 02, F(D), is given

by:

F(D) = DOZ(CI-CZ)/L

where C  is the solubility of O, in Si0O, and C_, is the O, concentration at the Si-SiO

1 2 2 2 2 2
interface. We assume that the solubility of O2 in SiO2 is constant with temperature and
has the value C, = 5 X 1016 . (ll). We need to realize that the D values of Norton (5)

1

were obtained at high temperatures and using bulk Si0, glass, and thus cannot be readily

2

extrapolated to thin films of pure SiO_, prepared at temperatures below 900°C where the

2

intrinsic compressive stress (12,13) may seriously decrease D (8-10). For these lower

[ temperatures, we calculate D from the available kp data (6) and with the use of the Deal

. and Grove(ll) expression for D as:

&

- D = Nkp/ZC1

J . . .

by where N is the number density of 02'5 in 8102. This method of calculating D values for

¢

‘ I3 . . .

Y lower temperature oxidation is in accord with the experimentally obtained curvature of the
4
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1n kp vs. 1/T plot(l4) which shows a negative deviation to the linearity extrapolated from

>

high temperatures to the lower temperatures (below 900°C). This results in a smaller value

)

for D than the values extrapolated from Nortons data. We assume C2 is very small relative

to C] and can therefore be ignored. 3

We compare this diffusive flux, F(D), with the flux of O, calculated using the

2

growth rates, F(exp). A ratio, R, is formed: ’

experimental SiO2

R = F(D)/F(exp)

This ratio has the following characteristics:

1 Diffusion control

]
[}

R > 1 Interface control .

R <1 Imposstible

and can therefore be used to indicate the dominant kinetic process. When the diffusion

MO

flux fully accounts for the actual film growth rate then diffusion is the rate limiting

Py

process and R = 1, When the calculated diffusion flux is larger than is necessary to

account for the measured oxidation rate, L, then the oxidation mechanism is under

P

interface reaction control and R > 1, The diffusive supply function can never yield less

02 than is required by L hence R < 1 is not possible for our situation as defined. The

results of this calculation are displayed in Table 1. It is seen that R is always greater

LT TaTst -

than unity for oxidation temperatures of from 600°C to 1000°C and up to at least several

ﬁ tens of nm which comprises the initial fast oxidation regime. Therefore, based on the ~
N K
b, available data and simple ideas of transport and reaction, we conclude that the reaction '
.
b
& 4 :
b -
3 .
. .
- ;

r-
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. at the Si - SiO2 interface is likely to be rate limiting. There exists other supporting
N\

evidence for this position. For example, the oxide intrinsic stress is compressive in

SiO2 and tensile in Si. Thus if there is any effect of stress for thin films, the stress

should decrease the diffusivity by decreasing the free volume in the 5102(8—10), and

increase the surface reactivity by stretching the Si bonds. We actually observe an

[

enhanced initial oxidation rate relative to the kinetics for thick films which seems to

support the interface reaction effects. Also, if the diffusivity is rate limiting and

P )

affected by stress, then in the early stage of oxidation the diffusivity must be smaller
than for thick films where some oxide has viscoelastically relaxed, yet a larger initial
x rate is observed for dry 0O, oxidation.

2

I1I. Physical Properties Measurements

We have measured several physical properties of SiO2 films on Si and there exists a
number of similar measurements in the literature. We select for display in this paper
only those properties whose values we have confirmed, and more importantly, we show the
; variation of these properties with oxidation temperature.

Figure 1 shows the measurement of the real part of the refractive index for SiO2 as a
function of oxidation temperature. This was assumed by Taft to be a result of an
- increased oxide density (15). Later measurement of the index and density (16) revealed
almost exactly the same values for the refractive index, n, as Taft. While the density
measurement was not nearly as accurate, a definite increase was found in the measured

N density for the lower oxidation temperatures. Figure 2 shows the results of converting

the n values to densities, P, through the Lorentz - Lorentz equation:

NARENC N

p = K(n2=1)/(n%+2)
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and in order to calculate K, literature values for n at measured p were used (17) from
which a value of K = 8.0461 was obtained.

Further evidence for densification was recently obtained using infrared spectroscopy
techniques (18). Figure 3 shows a typical set of spectra from which the dominant change
is a shift in the 1077cm-1 band to lower frequencies with decreasing oxidation
temperatures. This band is attributed to the in plane stretching of Si-0-Si and the shift
has been attributed to a decrease in the Si-0-Si bond angle which is anticipated for
densification (19).

Figure 4 shows the results of intrinsic film stress measurements on SiO2 films on Si
(20,21). The details of the actual stress measurement technique and thermal stress
corrections were published separately along with the experimental results (20,21). These
results agree essentially with previous independent measurements (12,13). We observe an
increase in the compressive SiO2 intrinsic stress with decreasing oxidation temperatures
for all orientations. For reasons to be discussed later, the (111) yields the smallest
stress, although this orientation is anticipated to yield the largest stress on a planar

Si1 surface. The film stress, o-, in the elastic limit is given as:

where E 1s Young's modulus and € is the strain which is the change in volume divided by

the volume, éV/V. The orientation dependence of o- is obtained from only the orientation
dependence of E (or better E/(l-v) where v is Poisson's ratio), since the volume change,
(

oV, due to oxidation is the same for all orientations, Table 2 shows the calculation of

E/(l-v) values for various Si1 orientations (7). From this table and the above
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relationship, we deduce that the order for the stress on the various Si orientations

should be:

1112 “110 > “100°

However, we measure the order for the stresses to be:

> .
110 2 100 7 111
Later we discuss both the possible reasons for this order change, and more importantly for
our present purpose are the implications of this experimentally determined orientation
dependence of the intrinsic stress on Si oxidation kinetics.,

The remaining physical properties reported here include the fixed oxide charge, Qf,

and interface trapped charge, Q.

jr+ The former charge, Qs is associated with excess Si at

the Si-SiO2 interface while Qit 1s the charge trapped in surface electronic states. These
surface states are thought to be a result of unsatisfied or dangling bonds at the Si
surface. Fig. 5 is a pictorial representation of the trend observed for Q; and Qit with
oxidation temperature (22,23). Both of these kinds of charges have been found to anneal
to lower values, but quite complex chemical effects are sometimes observed for Qit'

It is important to realize that all the properties thus far discussed decrease in
value with inert gas annealing (16,21-23). Also, all the property values are lower for
oxides grown in an H20 containing ambient. The rate of decrease of the property seems to
depend on the temperature of the anneal. It therefore appears that there is a relaxation

upon annealing which is strongly suggestive of viscoelastic behavior(12,13,15).
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Fig. 6 summarizes all the herein reported physical property results. With this

similar behavior of the properties with oxidation behavior, we believe that a common

origin is strongly suggested. We consider that the stress is the most fundamentally

related property to the oxidation reaction through the change in the molar volume, év.
This change in volume causes the SiO2 to increase in density through two mechanisms., One
is a simple compression due to the existence of a residual stress as measured. This

effect is quantified from the stress optical coefficient for SiO2 (24).
dn/do- = 9 x 10.13 cm2/dyne

From this coefficient, we can only account for less than half of the observed change in n.
The remaining densification may be due to structural changes, perhaps an alteration of the

ring statistics (25). This latter effect may account for the lack of complete annealing

of some of the properties(2l). The rationale used here is that the stress induced

components that require the continual existence of the stress are annealed as the stress
1s annealed, but the structural changes that required stress initially and for relaxation
require bond breaking, are less likely to anneal quickly or completely.

With Part 1 indicating the importance of the interface reaction and Part II
demonstrating that a number of properties related to the film stress change with
decreasing oxidation temperature, we now use the effect of stress on the interface

reaction between oxidant and Si to attempt to correlate previously published and newly

obtained oxidation data.

IIl. Oxidation Kinetics
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In this part, we firstly present oxidation data of Massoud et al. (6) which shows a
crossover effect with various Si orientations. Fig., 7a and b shows that initially the
(110) orientation has the greatest rate of oxidation, but at thickness greater than 20 mm
the (111) is dominant. Previously, we attempted to explain this phenomenon (25) based on
a recent revision (26) to the linear - parabolic model (11). Only the essential features
of the revised model as it pertains to the initial regime will be reproduced here. Fig. 8
shows that as the oxide grows, the molar volume change SV and the adhesion to the Si
surface cause the development of a compressive oxide stress (tensile in the Si surface)

and a viscous flow in the normal direction which is parallel to the Si0O, growth direction.

2

Using this picture, and starting from the Deal-Grove (l1) interface reaction flux:

where k1 1s first order rection rate constant and C2 is the concentration of oxidant at

the Si-Si02 interface, we modify this flux by explicitly expressing the available number

of Si atoms on the Si surface, C as:

Si

* . . - . . . .
and CSi is obtained directly from the geometric areal density of Si atoms on a given

surface, CSi’ by multiplying CSi by a fraction. Considering $i0, as a Maxwell solid, we

2

assume that this fraction is the strain rate, < as:

%:M}Q

AL

g 6 % b W hY




"
:
!
N
F:
A

[P AP P I VL P W P TP S

where o- is the stress and ]? the oxide viscosity. This means that the rate at which the
SiO2 relaxes into the growth direction influences the rate at which the oxidation reaction

will proceed. Then the following form for k1 from the Deal-Grove expression is obtained:

k) = k'Cgo/IY
It should be realized that this modified expression for k1 is obtained by simply assuming
that stress affects the interface reaction and that the number of Si atoms on the surface
1s also infuencing the oxidation rate in the early regime. Even if our assumptions are
entirely correct, it is quite likely that the form for the rate expression will require
modification as more data is revealed. However, this simple formulation will enable a
scaling with the oxidation data and in particular the crossover effect shown above.

In order to explain the Massoud et al. (6) data using the relationship above, we
assume that in the earliest stage of oxidation, the primary factor is the areal density of

S1 atoms. As seen in Table 3, the oxidation order from this is:

(110) > (111) > (l100)

and this scales with the data. As the oxide film grows, the third dimension of the SiO2

network develops, and with this we should anticipate the film to exert itself

mechanically. Using the revised form for k we would then expect the stress to dominate.

l b
At the time we submitted this work for publication(26), we did not haveaccess to the

measured stress values in Figure 4, and thus we relied on the calculated stress, thereby

anticipating that the order of the oxidation kinetics based on stress should be:

10
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(111) > (110) > (100)

wvhich is as observed for the oxide grown thicker than the crossover. Of course, now with
the stress measurements as a function of Si orientation (Figure 4), we find that this
order is not correct. Also, we have now added two new orientations, the (311) and (511),
which according to Table 3 and the atom counting procedure of Ligenza (28) should have a
greater areal density of Si and hence a greater initial oxidation rate. This new
oxidation rate data which includes these additional Si orientations is shown in Figure 9.
We observe that the (511) and (311) rates are respectively further above the (100) rate,

but both are below the (111) rate. Ligenza presumably considered the (511) and (311) to

be simple atomic planes and counted the atoms on or near the plane. In fact, however, the
(511) and (311) planes are vicinal planes to the (100) and (111) (29). As such, both of
these planes are composed of a combination of (100) terraces and (l11) ledges in ratios so
as to yield the proper inclination to the (100) plane. The proportion of (111) steps
increases from (511) to (311) to eventually produce the (111) and the oxidation rate
scales similarly, Thus we continue to believe that the initial oxidation rate scales with
the areal density of atoms, and that apparently an error exists in the literature for the
areal density for the (311) plane.

According to the revised interface reaction expression, the stress at the Si surface
should also be important. Indeed, the product Csio— ought to be determined through the
linear rate constant. However, Table 4 shows that this product is anomolously low for the
(111) surface. Since the very initial rate scales with Csi‘ we continue to support the
previous assumption that the stress in the very initial stage is not important. We
previously argued (26) that this was so because the film was too thin to mechanically

exert itself until the third dimension grows adequately thick and hence to develop

11
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mechanical properties. Other possible explanations are that the stress for very thin
films is different than for the films of greater than 100 nm as in Figure 4. We have
commenced experiments directed at films less than 20 nm. Also, as stated above, the form
for the revised rate constant may not be correct. Another possibility is that the low
stress for the (111) surface may be responsible for an enhanced rate due to an enhanced
diffusivity rather than an effect on the surface reaction kinetics. Evidence for this is
given in Table 5 which contains a set of parabolic rate constants from Massoud et al. (6).
These constants show that for lower temperatures, the kp values for the (1l11) actually
increase above those for the (110) and (100) orientations thus indicating the importance
of transport but somehow orientation dependent transport. Of course, since these k

values originate with the Deal-Grove model, they are model dependent parameters and are

therefore only as reliable as the model.

Lastly, we return to the stress measurements and the possible reasons why the (111)

exhibits a lower stress than anticipated from E/l-v values as shown in Table 3. The
anticipated stress values assumed a planar Si surface. Mott (30) has suggested that if
oxidation proceeds at surface steps, the resulting stress would be considerably reduced
because a part of the SV is relieved by the receeding Si step as shown in Figure 10. Hahn
and Henzler (31) report that among a rather wide list of process parameters that alter the
surface step density on Si surfaces, they measure a significantly greater density of steps
as the (111) compared to the (100) surface. This finding lends considerable support to the
application of the model proposed by Mott. Contained within the papers at this workshop
1s one of particular application to the present research presented by Leroy (32) which
quantitatively explains the experimentally found orientation dependence of the stress.
While we do not reproduce the Leroy arguments here as the paper is published

simultaneously with the present paper, a brief summary is in order. The Leroy model

12
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considers that the first oxidation event creates a step on the Si surface, since Si on the

surface is replaced with Si0 Once a step is produced, the forces resulting from the

2"
oxidation induced 3V will be manifest in the residual measured intrinsic stress according
to the resolved component of the biaxial stress in the Si surface. This stress requires
resolution in the direction of the slip plane in relation to its angle with the Si
surface. This angle is orientation dependent. The resulting stress, o is compared to the
critical shear stress,'tc. When o exceeds'tc, defects are produced and stress is
relieved. Leroy calculates, quantitatively, the relative order for the (100), (110),
(111) and (311) stresses using these ratios for the different Si orientations of this
study. He considers that any defects produced are rapidly removed by oxidation. There

are further profound implications of the Leroy model and the reader is referred to the

paper (32).

Summary and Conclusions

Using available data for D, kp and L and simple calculations, we conclude that the
interface reaction between Si and oxidant is important for the early thermal oxidation
regime. Other evidence such as possible stress effects and the apparent non-physical
results obtained by using the interface reaction further strengthen this approach. A
variety of SiO2 and Si—SiO2 physical properties have very similar oxidation temperature
behavior and the property values relax to lower values upon inert anneal. This suggests
that the properties have a common origin and we believe that the development of the stress
is the common cause for the temperarture dependence of the properties. The anneal behavior
suggests the viscoelastic nature of the Si.O2 films. A revised linear rate constant 1is

employed along with new oxidation data that includes five Si orientations to understand

the low temperature oxidation phenomena. The importance of the areal density of Si atoms
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appears to be a strong correlation for the very initial regime and is contained explicitly
in the revised interface model. The observed crossover seems to be due to stress transport
effects if the data is explained within the proposed revised model. While the revised
interfacial reaction model has some physical appeal, more research is needed to prove or
disprove this model and to arrive at a better description of the early stage of thermal

oxidation of Si.
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Table 2: values of E/(l-v) for Si

Si Orientation E/(1-v) (1012 dyne/cmz)*
(100) 1.805
(110) 2.187
(111) 2.290
(311) 2.007

*
Reference (7)
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Table 3: Areal Density of Si Atoms on Various Orientations .
* R
Si Orientation Areal Density, Cs; (lola/cmz) :
(100) 6.78 d
(1) 7.83
(110) 9.59 p.
(311) 10.80 :
(511) 11.46
*

counting done after Ligenza in Reference (28)
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Table 4: Product of Csio— for Three Si Orientations K
Si Orientation Product CSio- Relative to (100)

] (1000 1
(110) 1.7 .
. (111) 0.8 v
- X
- K
N N
;
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*
Table 5: Parabolic Rate Constants

Oxidation Temperature (°C)

k (xz/min.)
P

(100) (110) (111)
1000 28,600 14,300 26,600
950 12,100 6,590 10,800
900 5,590 4,000 6,500
850 1,890 1,840 2,980
800 660 855 1,350
750 173 148 4o s
700 29 29 58

*

from Massoud et al., Reference (6)
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